Abstract-An original experimental protocol is developed to assess the whole-body absorption cross section of objects with arbitrary shapes and materials in diffuse fields at any operating frequency. This approach is important for dosimetry specifically in realistic environments wherein diffuse fields can be prominent. For this application, the knowledge of the whole-body specific absorption rate is critical and can be determined from the human wholebody absorption cross section. The whole-body absorption cross section is obtained from measurements performed in a stirredmode reverberating chamber processed with the high-resolution parameter estimator RiMAX. To validate the proposed approach and highlight its robustness, the whole-body absorption cross section of a cylindrical phantom is experimentally and numerically determined at 1800 MHz. For both methods, the whole-body absorption cross section is shown to be independent on the orientation of the transceivers, indicating that it is indeed caused by diffuse fields. A good agreement is obtained between experimental and numerical finite-difference time-domain results with a relative deviation of about 17%. From the validation of this approach, the measurement protocol is applied to a real human at 1800 MHz resulting in a whole-body absorption cross section of 0.95 m 2 , 1.01 m 2 , and 1.11 m 2 for a sitting, standing, and standing with stretched arms posture, respectively. Index Terms-Diffuse multipath components (DMC), maximum-likelihood high-resolution channel parameter estimator, mean absorption cross section, reverberation chamber (RC), reverberation time, (un)stirred components, whole-body absorption cross section (ACS w b ), whole-body specific absorption rate (SAR w b ).
. The plane wave integral representation and properties in a RC are addressed in [3] . Corona et al. [4] presented a statistical electromagnetic theory when unstirred components of the electromagnetic field (EMF) are presented in the chamber. Holloway et al. [5] described how to tune a RC to emulate either a Rayleigh or a Rician channel, along with the probability density function of the EMF. The authors in [6] have shown that the RC emulates a rich isotropic multipath environment, which can be considered as an extreme reference for the realistic indoor environments, where the scattered waves are prominent. The multiple paths are generated by the reflections of electromagnetic waves (EMW) on the walls and on a mechanical paddle rotating in the chamber. The multiple paths characteristics enhance the performance of the multiple-input multiple-output (MIMO) channels. Therefore, the RCs are more and more used for the characterization of wireless MIMO channels [7] , [8] and for the wireless communication performances evaluation [9] , [10] . In addition, RCs are also used to determine the mean absorption cross section (ACS mean ) of lossy objects. This information is critical when assessing an antenna radiation efficiency located close to lossy object such as a head phantom [11] .
The ACS mean of a lossy object is also used to estimate the loading effects in terms of the average gain in some radio frequency reverberating environments such as an aircraft passenger cabin [12] . Its determination procedure can be found in [11] [12] [13] [14] . The notion of the ACS mean is clearly related to the performance of the reverberating environment in terms of averaged gain and is different from the whole-body absorption cross section (ACS wb ). Both can be measured in RCs but the ACS mean is obtained from the averaged or mean power, whereas the ACS wb is obtained from the summed or integrated power. Recent literature reviews show that the diffuse multipath components (DMC) may contribute significantly (up to 95%) to the total power density involved in some realistic environments [15] , [16] . Therefore, the knowledge of the ACS wb induced by diffuse fields is critical with respect to the experimental investigation of human's specific absorption rate (SAR) in realistic environments [17] . There is a lack of information in the literature regarding the human's ACS wb . The authors in [18] developed a method to determine the ACS wb of humans in an office environment. The method presented therein 1) assumed all the humans under test to have the same ACS wb and 2) did not separate the diffuse fields (stirred energy) from the possible specular components (unstirred energy). It is noteworthy to mention that the terms diffuse and specular are related to the realistic environments, whereas the terms stirred and unstirred pertain to the RCs. Removing the unstirred energy from the measurements improves the ACS determination in terms of statistical error [14] . The use of a numerical algorithm such as the maximum-likelihood high-resolution channel parameter estimation RiMAX [19] is expected to provide additional robustness and possibilities since it 1) removes the unstirred energy from the measurements and 2) allows the determination of the ACS wb of a single person, allowing thereby the investigation of different postures of the human under test.
The novelty of this paper is as follows. First, the ACS wb is defined and the differences with the mean ACS are outlined. Then, the ACS wb of a canonical phantom is determinedthrough measurements in a RC-by using RiMAX. Second, the obtained values are compared with the numerical results as a validation. The numerical solution is based on more than 840 finite-difference time-domain (FDTD) simulations. Third, the method is applied to a real human to determine its ACS wb section at 1800 MHz. The ACS of a lossy object is independent on the reverberating environment [12] . Therefore, the human ACS wb values obtained experimentally from the RC measurements are used to determine the whole-body specific absorption rate (SAR wb ) due to the diffuse fields, which may be prominent in realistic reverberating environments such as aircrafts, offices, etc. To the knowledge of the authors, this is the first time where 1) the ACS wb -induced by diffuse fields-is clearly defined and 2) the SAR wb is experimentally determined for different postures. This paper is organized as follows: The materials and the methodology are introduced in Section II. The definition of the ACS mean and ACS wb are also addressed. Section III presents the measured and simulated results. In Section IV, realistic values of a human ACS wb are determined from the RC measurements and the related SAR wb are also determined. Finally, conclusions are drawn in Section V.
II. MATERIALS AND METHODS

A. RC
A stirred-mode reverberation chamber is a fully closed metallic cavity, which is oversized with respect to the investigated wavelength. It operates over a large frequency bandwidth (e.g., 1-18 GHz) depending upon its dimensions and volume. Due to the cavity effect, there exists a working volume sufficiently separated from the walls wherein the electromagnetic fields are statistically uniform for all measurement points, directions, and electromagnetic emitting source positions. A rotating twisted metallic sheet inside the chamber provides the stirring of the electromagnetic modes.
The RC dimensions are 2.8 m × 5.7 m × 4.1 m (height × length × width) and 65 m 3 volume. A metallic sheet is mounted onto a vertical pole going from the ceiling to the floor and consists of four vertical elements [8] . Fig. 1 shows the RC.
B. Materials and Measurement Setup
The study has been carried out at the 1800 MHz (telecommunication frequency and future long-term evolution frequency in Belgium, Italy, Germany, U.K., etc.) within a bandwidth of 100 MHz divided into 101 frequency points. As transceivers, two double ridge guide horn antennas of type SAS-571 were placed in the RC in order to achieve a Rayleigh channel. Three orientations of the transceivers are considered. For the vertical orientation, the Tx and the Rx feeder are both oriented along the z-axis direction (referring to the coordinates system in Fig. 1) ; for the horizontal polarization, the Tx and the Rx feeder are both oriented along the y-axis direction; and finally, for the cross orientation, the Tx feeder (resp. the Rx feeder) is oriented along the y (resp. z) axis direction. The stirrer rotates 180 times during one measurement with a step of 2
• . For each of its positions, the impulse transfer function of the propagation channel is measured; the power delay profile (PDP) being calculated from it.
The experiments have been performed with four identical polyvinyl chloride cylindrical phantoms positioned arbitrarily in the working area of the RC. The phantom has an inner radius of 119.5 mm, an outer radius of 124.5 mm (thickness = 5 mm), and a height of 1500 mm. Dosimetric measurements are usually performed with liquids having dielectric properties similar to those of biological tissues. Hence, a tissue simulating liquid that has the similar dielectric properties as the body tissue parameters specified in [20] is used. The liquid has a relative complex permittivity r = 57.74 + j * 13.55, conductivity σ = 1.47 S/m, and mass density of ρ = 1000 kg/m 3 . The liquid is used in the experiments and its properties included into all the simulations as well. The dielectric properties of the liquid were measured using a Hewlett Packard HP85070A dielectric probe kit connected to a Hewlett Packard HP8753D network analyzer [21] . All the measurements in the RC were carried out the same day in order to avoid excessive evaporation of the liquid. In addition, we ensured that the dielectric properties variations were within ±5 %, as recommended in [22] .
C. Experimental ACS wb Determination 1) Channel Parameters Estimation Algorithm:
Recent studies have shown that the wireless narrow band radio channel h can be considered as a superposition of deterministic specular components s(Θ sc ) and stochastic dense multipath components d(Θ dmc ), which include diffuse components [19] , [23] , [24] .
Here, Θ sc and Θ dmc are the set of parameters that fully describe the propagation mechanisms
(1)
The sampled response vector h ∈ C M f ×1 (where M f corresponds to the number of frequency points) is assumed to follow a multivariate circular symmetric complex Gaussian process with mean s(Θ sc ) and covariance
As illustrated in [19, and in [25, Fig. 2 ], the DMC power ψ(τ ) as function of time delay τ is described by an exponential decay
where α 0 is the noise floor in the measured PDP, τ d is the arrival time of the first DMC, α 1 is the power of the DMC at τ = τ d (typically the highest value of the DMC in the PDP), and τ i is the reverberation time of the room. α 1 , τ i , τ d , and α 0 are the four parameters that fully describe the DMC (see [19, ) and are gathered into the DMC parameter vector. Hence, the covariance matrix of the sampled channel can also be seen as corrupting colored noise and is solely dependent on the DMCs and additive white noise. This parametric description of the channel enables the use of maximum-likelihood high-resolution channel parameters estimation algorithm. For instance, the estimation of the weak specular and DMC parameters was performed in this study with the recently developed RiMAX estimator [23] , [24] . The first step toward the experimental assessment of the ACS wb is to determine the reverberation time τ i , which is actually the decay rate of the DMC and is proportional to the slope of the decaying tail of the PDP [18] . The total absorbing area in the chamber and its reverberation time are related via the following equation [17] , [18] , [25] , [26] :
where A , V, and c 0 are the effective absorbing area in the chamber, the chamber volume, and the light velocity in the vacuum (c 0 = 3×10 8 m/s), respectively. Next, by varying the RC load, the ACS wb of the object under test is then determined from the different reverberation times values [17] , [18] .
In addition, the ACS wb of the object under test, i.e., the cylindrical phantom, is computed through numerical simulation for the sake of comparison.
D. Numerical Simulation Settings
The FDTD solver SEMCAD-X is used to compute numerically the ACS wb of the phantom. The ACS wb is determined from the SAR wb value obtained when the object test is illuminated simultaneously by several plane waves incident in all directions. The dielectric properties of the liquid described in Section II-B were used for the simulation settings.
Rectangular plane wave sources based on the total-field scattered-field technique [27] are used to excite the object under test, i.e., the cylindrical phantom. The plane waves superposition principle [3] is applied to simulate in SEMCAD-X the multiple paths encountered in a RC as it is done in [28] and [29] . The multiple waves resulting from a movement of the stirrer is called here a set of waves. M sets are used to excite the cylinder since the stirrer occupied several positions during the measurement. The M sets allow us to derive statistical properties of the ACS wb because one ACS wb value is obtained per set. Let us now define the properties of the plane waves within a set. A set is comprised of N plane waves, i.e., N a plane waves in the azimuthal domain and Ne elevation angles is considered per azimuth (N = N a ×N e ). Figure 2 shows the modeling of the diffuse fields incident on the cylindrical phantom for an azimuthal angle. This pattern is the same for all the azimuthal angles and all these waves are incident simultaneously on the phantom. The plane waves are uniformly distributed in both azimuthal and elevation domain. The uniform distribution of the EMFs in the azimuthal plane in indoor environments is generally accepted [30] . The total power density is divided by the number of plane waves in a set such that each plane wave has the same amplitude. We expect the polarization to have no preference in diffuse fields. Therefore, the polarization of each plane wave is randomly chosen with equal probability in such a way that half of the total received power would be received by a vertically polarized antenna and the other half by a horizontally polarized antenna. Regarding the plane waves phase, the notion of start point is rather used [29] . Anyway, the starting point is related to the phase. It is important to mention that when the phase is randomly drawn with equal probability in the range [0 2π], the numerical results do not match the experimental ones when it comes to emulate the EMW propagation in RCs [29] . Here, the starting point of each plane wave is randomly chosen with equal probability in the range [0 λ/2]; this is the correlation interval [31] ensuring that the E-field values of a plane wave traveling from the start point to the simulation domain will be correlated. Simulation of the reverberation chamber in SEMCAD-X would have required excessive memory resources and time because the FDTD method would have spatially discretized the entire chamber. Therefore, the object under test is located inside a simulation domain, which has comparable sizes with the object under test. To avoid the reflections of the waves impinging on the simulation domain boundaries, uniaxial perfectly match layer is used as absorbing boundaries conditions in such a way that more than 95% of the incident wave power is absorbed by the boundary layers.
The ACS wb of the object under test is derived from the simulated SAR wb as follows:
where SAR wb , W, and I are the whole-body specific absorption rate of the object under test in diffuse fields, the object weight, and the total power density, respectively. It is important to mention once more that the term whole body refers to the direction of the incoming waves, i.e., the diffuse fields coming simultaneously from all directions. Because of the randomness introduced by the arbitrary choice of the waves phases and polarizations, the ACS wb is addressed with a stochastic approach. The statistical multipath tool of Vermeeren et al. [32] -which is based on FDTD simulationsis used to determine the numerical averaged ACS wb . Regarding the numerical simulation of the cylinder in SEMCAD-X, we set the parameters N a and N e defined in Section II-D as follows: N a = 72 and N e = 6. Each polarization angle in the tool is decomposed into two orthogonal polarizations, leading to a total SEMCAD-X simulations of 842 (72 × 6 × 2). For the exposure samples, 1000 sets were used to obtain statistical relevant values where each set contains 432 plane waves (N a × N e ). The statistical multipath tool [32] has the advantage to 1) reduce considerably the simulations time and 2) facilitate the management of the simulation outcome. The outcome of the tool is the cumulative distribution function (cdf) of the SAR wb from which it is straightforward to derive the ACS wb ; see (5) .
E. Mean (or Averaged) ACS m ean and ACS w b
Basically, the ACS of a lossy object is defined as the ratio of the power absorbed by the object to the incident power density. However, it is important to make the distinction between the ACS wb and the mean or averaged ACS mean .
On the one hand, the mean or averaged ACS mean is found by averaging the ACS obtained from a single incident plane wave drawn from a uniform distribution in space [11] , [33] . An averaging over all the polarizations is also necessary to discard the polarization imbalance [34] of the ACS. The experimental methodology consists in measuring the averaged power levels in steady state-through Hill's formula [2] -of the chamber when it is unloaded and loaded.
The ACS mean of a human (weight ≈ 75 kg and height ≈ 181 cm) determined in an RC from 1 to 8 GHz in a sitting posture was reported in [14] .
On the other hand, the ACS wb is found by calculating the ACS for several plane waves incident simultaneously to the object under test. The polarization and the phase of the EMF are both assumed to be random.
To show a clear difference between the two quantities, let us consider an uniform sphere. We will determine in the following section the ACS mean and the ACS wb of an uniform sphere. The modeling of the exposure for the determination of both ACS mean and ACS wb is shown in the figure 3. Fig. 3(a) shows the configuration of the sphere and an incident plane wave to determine the ACS mean . The radius of the sphere is set to 19.25 cm as in [14] for comparison purpose. The same dielectric properties defined in Section II-B are used at the frequency of 1800 MHz. The ACS mean of a sphere is the same as the ACS for any incoming plane wave [11] . No averaging over the directions nor the polarizations is needed due to the symmetry of the sphere for all directions [33] . The ACS mean of a sphere is analytically determined from the coefficients of the Mie theory [35] and is given by [35, p. 103] ACS mean = ACS ext − ACS sca (6) where ACS ext and ACS sca are the extinction and scattering ACS, respectively, and defined as follows:
1) ACS mean of a Sphere:
where k = 2π λ is the wavenumber, Re(X) denotes the real part of the complex number X, and a n and b n represent the magnetic and electric multi poles of order n, respectively. Their expressions can be found in [35, p. 100] .
Applying (6), an ACS mean of 0.0695 m 2 is obtained. Similar value of the ACS mean calculated with the Mie theory equations is found at the same frequency, i.e., 1800 MHz and for the same sphere [14] . Here, the ACS mean value obtained from the Mie theory is a reference value since it is obtained from an analytical solution. However, it is note worthy that we obtained a simulated ACS mean (sphere illuminated with a single plane wave) of 0.0684 m 2 , resulting in a deviation of less than 2 %. This excellent agreement between simulation and analytical result is interpreted as an alternative to determine accurately through simulations the ACS of objects with irregular shapes.
2) ACS wb of a Sphere: The ACS wb of the same sphere is numerically determined. Fig. 3(b) shows the modeling of the diffuse fields in the simulation tool. Here, 200 sets are used for the simulation of the sphere and a set is comprised of 100 plane waves surrounding the sphere. Applying (5) Tx-Rx orientation τ 0 (ns) difference between the ACS mean and the averaged ACS wb is about 4.87 dB, indicating thereby that the two terms are different.
III. RESULTS
A. Experimental Results
For the experiments, the RC was loaded with 0, 1, 2, 3, or 4 phantom(s) filled with the tissue equivalent liquid, and 180 channel transfer functions were measured for each scenario. The PDPs obtained after taking the squared modulus of the inverse Fourier transformation of the transfer functions were averaged and are shown in Fig. 4 . Note from Fig. 4 that the received power does not reach the steady state. This is due to the small duration of the transmitted pulse. The more phantoms in the RC (i.e., the more loaded), the steeper is the slope of the PDP showing the fast decrease of the DMC power. Physically, the EMF strength decays faster because the area (added cylinders) absorbing the EM radiations is larger. For each PDP, the reverberation time is determined using the RiMAX estimator, which removes beforehand any possible unstirred components. The resulting reverberation times are listed in Table I , where τ i is the reverberation time of the RC loaded with i phantom(s), i ∈ {0, 1, ..., 4}. We observe that the reverberation time depends slightly on the transceiver's orientation, but these differences might be due to the measurements uncertainties.
From the reverberation time values, the experimental ACS wb of the cylinder is subsequently obtained-for each orientation of the transceivers-by linear regression of the different absorbing areas [18] . The experimental ACS wb values are listed in the last column of Table I . The ACS wb obtained for the different orientations of the transceivers are similar. The maximum difference is lower than 0.4 % and is attributed to the measurements uncertainties. Therefore, the averaged value is retained as the experimental ACS wb . This result shows that the ACS wb determined experimentally in the RC is independent on the transceivers orientation, indicating that the ACS wb is induced by stirred fields and is isotropic.
B. Numerical Results
The outcome of the statistical multipath tool is the cdf of the SAR wb of the cylinder under diffuse exposure, and is shown in Fig. 5 . Given its mass of 65 kg-and applying (5) to Fig. 5 -the cdf of the ACS wb of the cylinder is obtained and is shown in Fig. 6 . From the cdf, an average value of the ACS wb of 0.52 m 2 is obtained. Table II lists the experimental ACS wb values along with the relative deviations. The relative deviation δ ACS is defined as the difference in percentage between an experimental value and the averaged numerical result in terms of ACS wb .
We found numerically (resp. experimentally) an average ACS wb of about 0.52 m 2 (resp. 0.63 m 2 ), leading to a relative deviation of 17 %, indicating a good agreement between the two approaches. The difference between the two approaches is DIFFERENT POSTURES attributed to 1) the modeling of the incident multiple paths since we only consider few incident angles, 2) the statistical properties of the plane waves during the simulations might be slightly different from what actually occurs in the RC, and 3) to other uncertainties during both the measurements and the simulations.
IV. APPLICATION TO A REAL HUMAN
In this Section, the ACS wb of a real human is determined. The person (1.73 m and 63 kg) was located in the RC during the measurements. Three postures were considered: sitting, standing, and standing with stretched arms.
The ACS wb is determined for a cross orientation of the transceivers. Two measurements have been carried out: one PDP measurement in the empty RC and a second with the human adopting one of the mentioned postures. The reverberation times are determined with the RiMAX algorithm and are used to assess the human ACS wb .
As shown in Table III , a human ACS wb of 0.95 m 2 , 1.01 m 2 , and 1.11 m 2 was obtained for the sitting, standing, and standing with stretched arms postures, respectively. The body surface area of a human is only dependent on its weight and height [36] . However, the human ACS wb for a given configuration of the EMF depends not only on the body surface area but also on the person's posture since the human body surface illuminated by the EMF vary with the posture. The highest ACS wb occurs for the standing with stretched arms posture whilst the lowest occurs for the sitting posture. The obtained values are logically proportional to the effective surface of the human in the three postures. It is noteworthy that these values will change if another frequency is considered.
The ACS is independent on the reverberating environment wherein it is determined [12] . Therefore, the values obtained in an RC can be used to determine the SAR wb due to diffuse fields in realistic reverberating environments. The diffuse power density in an aircraft is addressed in [37] and [18] investigated the diffuse power density in an office environment.
In this study, a diffuse power density of 1 W/m 2 is assumed and the SAR wb of the person under test is determined from (5). Given the experimental ACS wb obtained in the RC, the person's weight (63 kg) and the power density, a SAR wb of about 15.10 mW/kg, 16 mW/kg, and 17.60 mW/kg are obtained for the sitting, standing, and standing with stretched arms postures, respectively. Several studies addressed numerically the SAR in heterogeneous phantoms [38] [39] [40] [41] . However, it is not fair to compare those results with the SAR wb values determined in diffuse fields since the illuminated surface is different in both cases (see Fig 3) . The numerical SAR values in [38] [39] [40] [41] account for one plane wave, with a vertical or horizontal polarization, while the SAR wb due to the diffuse fields is determined for several plane waves incident to the person under test, and random polarizations and phases are assumed.
Here, the SAR wb values are provided for realistic environments, i.e., offices, aircrafts, where the diffuse fields are prominent.
V. CONCLUSION
The knowledge of the ACS wb is critical for the human SAR assessment in realistic environments. In this study, an original experimental approach is developed to determine the ACS wb with good accuracy from measured transfer functions at any frequency in a stirred-mode RC. To demonstrate the effectiveness and robustness of the proposed method, the ACS wb of a cylindrical phantom was experimentally determined at 1.8 GHz in a RC using the high-resolution parameter estimator RiMAX; RiMAX removing the possible unstirred components from the measurements. A good agreement is obtained between experimental measurements and numerical simulations with a 17 % deviation between both methods. Following the validation of the experimental procedure, the ACS wb of a human body was determined for three different postures. Assuming a diffuse power density of 1 W/m 2 , the SAR wb of a human under test was derived for all considered postures. Future research may address the investigation of the human ACS wb as a function of the human body surface area and frequency. This paper clearly demonstrates the potential use of RCs in the domain of human exposure in real environments where the diffuse fields are prominent. He was a Postdoctoral Fellow at the Institute of Electronics Microelectronics and Nanotechnology (IEMN), Villeneuve dAscq, France. Since 2008, he has been an Associate Professor at the IEMN-TELICE group, University of Lille 1, Villeneuve dAscq. His research interests include the development of outdoor/indoor radio channel models for localization techniques that are supported by legacy or upcoming millimeter-wave and centimeter-wave wireless network standards. In addition, he focuses on the development of highly diffuse and industrial radio channels for propagation and exposure applications.
